·-due to the action of SOD. The essential role of SOD as defence enzyme is inferred from the observation that TLM of a given sperm sample is directly proportional to the SOD activity of that sample. The essential role of GPX/GRD is inferred from the observation that inhibition of GPX, either with mercaptosuccinate or with complete oxidation of intracellular reduced glutathione, results in a 20-fold increase in peroxidation rate. The capacity of the GPX/GRD system appears to be limited by the glucose-6-phosphate dehydrogenase-catalysed rate of production of NADPH, the required reductive substrate for GRD. Human spermatozoa appear to have enough anti-lipoperoxidative defensive capacity for lifetimes long enough for fertilization but still short enough for ready removal from the female reproductive tract in good time. Too low a defence capacity could lead to male infertility.
Introduction
ive damage to mammalian spermatozoa was established by the extensive and elegant studies of Mann (1973, 1976 , The sensitivity of human spermatozoa to oxidative damage was 1977a,b) of these reactions in boar and ram spermatozoa, and first reported by McLeod (1943) , who showed that increased by their subsequent studies with Sherins (Jones et al., 1978, medium O 2 resulted in an increased rate of motility loss on 1979) in human spermatozoa. To ensure that peroxidation was incubation. The toxic agent was proposed to be H 2 O 2 generated the reaction being studied, the cells were incubated in media by the sperm cells. Tosic and Walton (1950) demonstrated that containing not only dissolved O 2 , but also ascorbate plus Fe 2ϩ the source of H 2 O 2 was an L-amino oxidase present in the seminal at concentrations known to induce rapid lipid peroxidation with plasma and specific to the three aromatic L-amino acids. They subsequent degradation. The rapidity of the reaction arises from also reported that bovine and porcine spermatozoa had little reaction of Fe 2ϩ with formed lipid hydroperoxides to form Fe 3ϩ capacity to decompose the H 2 O 2 thus formed, consistent with and lipid alkoxyl radicals; the latter in turn are highly reactive subsequent findings that spermatozoa from most mammalian initiators of oxidative chain reactions. Reduction by ascorbate species have little or no catalase (Mann, 1964) . The proposal of the Fe 3ϩ thus formed maintains the supply of Fe 2ϩ needed to that H 2 O 2 was in all cases the oxidant toxic to mammalian drive these oxidative chain reactions. From the experimental spermatozoa was placed in question by the study of Wales et al. point of view, the rapidity of the reactions enables a wide variety (1959) , who showed that spermatozoa from different species of conditions to be examined and effects to be observed in a varied widely in their sensitivity to oxidative damage to this relatively short time. A detailed assessment of this peroxidation agent, with rabbit spermatozoa being essentially immune to system applied to human spermatozoa has recently been pro-H 2 O 2 toxicity.
vided by Aitken et al. (1993) . Jones and Mann (1973) showed The dominant role of lipid peroxidation as the agent of oxidatthat O 2 was essential to the process; the product of lipid peroxidation used to quantify the process, malonaldehyde, was not formed *Presented at the Sperm Biochemistry Symposium.
in the presence of N 2 . Jones and Mann (1977b) also provided method (Barber and Bernheim, 1967) as adapted to sperm samples by Mann (1973, 1976) . The method is evidence that H 2 O 2 did not play a role in lipid peroxidation and that the reactive oxygen intermediates were most probably the based on the reaction of TBA with malonaldehyde produced in the process to give a bis-thio-oxonol with an intense superoxide radical, O 2 ·-, and the hydroxyl radical, HO ' . The ram sperm studies showed that the cell phospholipids most absorbance band at 532 nm, which is also fluorescent (Yagi, 1984; Read et al., 1988) . The TBA reaction also includes susceptible to peroxidative degradation were the plasmalogens containing the vinyl ether group, 1-(1Ј-n-hexadecenyl), at the reaction with other aldehydes formed during lipid peroxidation, glycerol 1-position and 2-arachidonyl (20:4) and 2-docosaand most of the malonaldehyde formed is produced during the hexaenoyl (22:6) acyl groups at the 2-position. These studies heat cycle called for in the protocol (Buege and Aust, 1978) . also showed that sperm plasma membrane damage was exacer-
The method suffers from the drawbacks that malonaldehyde bated in the presence of fatty acid hydroperoxides in the medium.
is but a minor product of the peroxidative degradation of the The membrane damage resulted in loss of fructolytic and respiraunsaturated lipids (Knight et al., 1988; Draper et al., 1993 ; tory activity of the cells, indicating breakdown of the membrane Alvarez and Storey, 1995) and that oxidative degradation permeability barriers with subsequent loss of enzymes, subproducts from sugars may interfere (Halliwell and Gutteridge, strates, and nucleotide cofactors, including the ATP that powers 1981). These drawbacks are minor, however, when placed flagellar motion.
against the very high sensitivity and convenience of the The studies cited above established the basic mechanism of method. The TBA method has been shown to give an excellent sperm membrane damage through lipid peroxidation and procorrelation with other methods of assaying lipid peroxidation: vided the analytical tool for quantifying the extent of this peroxiodometric (Jones and Mann, 1976) , chemiluminescent, idation, adaptation of the highly sensitive thiobarbituric acid fluorimetric for phosphatidylethanolamine breakdown proassay (Barber and Bernheim, 1967) for the phospholipid breakducts, and gas chromatographic for measurement of the breakdown product, malonaldehyde, to sperm suspensions. These down cleavage products, ethane and pentane (Smith et al. , studies have thus served as the basis for more recent ones on 1982). sperm lipid peroxidation. The concept of 'reactive oxygen Based on rate measurements carried out with the TBA assay, species' (now designated 'ROS') derives directly from this spontaneous lipid peroxidation in human spermatozoa has the work.
following characteristics with regard to its kinetics (Alvarez In the absence of the inducer reagents, ascorbate plus Fe 2ϩ , et al., 1987; Alvarez and Storey, 1995) : (i) production of spontaneous lipid peroxidation occurs in mammalian spermatomalonaldehyde (MA) is linear with time over the several hours zoa at a far slower rate, but the same degradative damage to needed for peroxidative damage to be observed as loss of the sperm plasma membrane is observed (Alvarez and Storey, sperm motility, and remains linear for 1-2 h after all cells 1984a). The rates of spontaneous lipid peroxidation under essenhave become immotile. It is also linear in cell number, so that tially physiological conditions have been determined for rabbit one may define a normalized spontaneous lipid peroxidation Storey, 1982, 1983) , mouse (Alvarez and Storey, rate with the units: nmol MA/h-10 8 cells; (ii) loss of motility 1984b), and human (Aitken and Clarkson, 1987; of the sperm cells in the sample is linear with MA production. 1987; Storey, 1989, 1995) . The activities of the This allows one to use the conveniently determined time to enzymes which act as anti-lipoperoxidative defence agents in complete loss of motility (TLM) under the given set of mammalian spermatozoa from different species have been experimental conditions as a measure of the peroxidation rate; examined. These include superoxide dismutase (SOD) (Men-(iii) the extent of lipid peroxidation, as measured by MA nella and Jones, 1980; Holland et al., 1982; production, at the point of complete loss of motility of the 1984b; Alvarez et al., 1987) and the glutathione reductase/glutasperm cells is constant, independent of the rate of peroxidation. thione peroxidase system (Li, 1975; Smith et al., 1979; For human spermatozoa this extent is 0.1 nmol MA/10 8 cells, and Storey, 1989) . The reactions which are involved in the which has been designated the lipoperoxidative lethal endpoint spontaneous lipid peroxidation process, and the mechanism of (LLE); (iv) the lipid peroxidation rate is linear with the at least some of these reactions, have been elucidated both by concentration of O 2 dissolved in the suspending medium, consideration of the characteristics and kinetics of the reactions increases with decreasing pH of the medium, and is strongly and of the actions of the enzyme defence systems. In this review, temperature dependent, with an activation energy (E A ) of 79.1 the characteristics of the spontaneous peroxidation process are kcal/mol (330 kJ/mol). This value of E A is close to that of 80 first examined, the interaction of the defence enzymes with the kcal/mol for the C-H bond energy of an allylic CH 2 group peroxidation reactions are then considered, and models for the (Korcek et al., 1972) ; (v) the rate of loss of fatty acids making mechanisms of the reactions based on these considerations are up the acyl groups of the sperm phospholipids is first order; subsequently proposed. While primary emphasis is on human the value of the first order rate constant increases as the sperm, results of studies with spermatozoa from other mammanumber of double bonds increase (Figure 1 ). This is the result lian species are included where pertinent.
expected from the report of Bielski et al. (1983) in which it was shown that the rate of peroxidation of polyunsaturated
Characteristics of spontaneous lipid peroxida-
fatty acids was proportional to the number of allylic methylene tion in spermatozoa groups; (vi) bovine serum albumin (BSA) is a potent inhibitor of lipid peroxidation in human spermatozoa. In the absence of The rate of lipid peroxidation in mammalian spermatozoa has been most often assayed by the thiobarbituric acid (TBA) BSA, free fatty acid hydroperoxides are retained in the sperm Rates were found to be first order; the first order rate groups to give free fatty acids from human sperm membrane constants are given on the right-hand ordinate and are represented phospholipids under conditions of spontaneous lipid peroxidation as by the white bars. Rates are given as initial rates ϭ k 1 [PL] o, a function of unsaturation given as number of double bonds. Zero where [PL] o is the content of the given phospholipid at t ϭ 0 of double bonds are represented by stearic and palmitic; one by oleic;
peroxidation; values are shown on the left-hand ordinate and are two by linoleic; three by icosatrienoic; four by arachidonic; six by represented by the black bars. PC ϭ phosphatidylcholine; PE ϭ docosahexaenoic. These are the major fatty acids making up the phosphatidylethanolamine; SP ϭ sphingomyelin; PS ϭ phospholipid acyl groups; docosapentenoic is present but at low phosphatidylserine. Note that PE is the most labile of the content. Groups with three or more double bonds, all of which have phospholipids under the conditions of spontaneous lipid the cis-configuration, have two or more bis-allylic methylene peroxidation. groups, which provide sterically favoured pathways for internal hydrogen abstraction, cyclic peroxide formation, and eventual group fragmentation.
et al., 1995) . The question of whether the action of such a translocase could enhance the rate of lipid peroxidation in cells; in the presence of BSA, free fatty acid hydroperoxides mammalian spermatozoa is an intriguing one that awaits are bound to the BSA in the suspending medium and are investigation. absent from the cells.
Spontaneous lipid peroxidation differs from peroxidation Spontaneous lipid peroxidation in human spermatozoa induced by ascorbate plus Fe 2ϩ in having a much lower rate, results in differential loss of different types of phospholipid. a much higher activation energy, and a linear dependence on The loss of a given phospholipid may be quantified in two O 2 concentration (Alvarez and Storey, 1985; Alvarez et al., ways: by the overall rate of loss and by the first order constant 1987). It also appears to be of intracellular origin, as will be characterizing that rate. Both rates and rate constants are discussed further, while the induced reaction is of extracellular shown in Figure 2 . The highest rates are observed for phosphatorigin. While the mechanisms of the peroxidation reactions idylethanolamine (PE) and phosphatidylcholine (PC) ( Figure  differ , the membrane damage due to peroxidative damage to 2), as these are the two major types of phospholipids in human membrane phospholipids is the same for both processes spermatozoa. The PC component contains 25% plasmalogen, (Alvarez and Storey, 1984a) . The effects of the anti-lipoperwhile the PE component contains 39% plasmalogen. The oxidative defence enzymes on the spontaneous process provide largest rate constants are those for PE and for phosphatidyl insight into the mechanisms of the reactions involved in this serine (PS). The rate constants are indices of susceptibility process; they are discussed in the following two sections. of a given phospholipid to peroxidative loss. These two phospholipids are the ones that preferentially occupy the inner
Superoxide dismutase
leaflet of the phospholipid bilayer of the mammalian sperm plasma membrane (Müller et al., 1994; Nolan et al., 1995) .
The important role played by human SOD in protecting the cells against peroxidative damage became evident from The inner leaflet location would make these phospholipids vulnerable to initiation of peroxidative attack from an active comparison of the widely variable SOD activities of 40 individual samples, obtained as five samples from each of oxygen radical generated intracellularly. As pointed out in the following section, this intracellular radical is most probably eight donors, to the time to complete loss of motility (TLM) of the same samples. A plot of SOD activity of each sample the hydroperoxyl radical, HO 2 ' , the conjugate acid of the superoxide radical anion, O 2 ·-. The transmembrane phosphoversus TLM of that sample was linear through the origin with correlation coefficient r ϭ 0.97 (Alvarez et al., 1987) . lipid movement in both bull spermatozoa (Müller et al., 1994) and in ram spermatozoa (Nolan et al., 1995) is quite rapid, Variations in TLM thus reflect the variations in intracellular SOD activity of different human sperm samples. An extreme being complete in Ͻ60 min. The translocation of PE and PS was found to be more rapid than that of PC and sphingomyelin example of this variation was found in a subset of cells from some human samples which have SOD activities nearly 10-fold and to be inhibited by ATP depletion or treatment of the cells with N-ethylmaleimide, suggesting the presence of an those of the sample as a whole and show correspondingly long TLM values (Alvarez et al., 1993b) . In these particular samples, aminophospholipid translocase in the plasma membrane (Nolan immunostaining for Cu/Zn SOD revealed that 10-30% of the is probably a broad distribution of SOD contents among the of (V int ) versus SOD activity.
cells. In those cells where it is found, plasma membraneData taken from Alvarez et al. (1987). bound SOD may result from enzyme released from the cytosol Compare these maximum rates of O 2 ·-production with the maximum activity of glucose-6-phosphate dehydrogenase which gives 3.3 nmol/min/ of elongated spermatids with high SOD content, compared to 10 8 cells , which would produce only 6. marker for high intracellular SOD content. On the other hand, those cells with a low SOD content are destined to have a short TLM. If this is characteristic of the whole sample, the production. Since two moles of O 2 ·-give one mole of H 2 O 2 in the SOD reaction, the combined production of O 2 ·-and possibility exists that none of the spermatozoa may escape lipoperoxidative degradation in the female reproductive tract H 2 O 2 has a mean value of 8.1 nmol/min/10 8 cells as O 2 ·-, in good agreement with the foregoing values for E o ϭ 0 and the before reaching the site of fertilization. Consistently low SOD activity in sperm samples of a given individual could thus presence of KCN. From these results, it is evident that all the H 2 O 2 produced by human spermatozoa results from the activity result in infertilty, while analysis of the sample by motility and morphology would indicate a normal sample.
of intracellular SOD on O 2 ·-produced in the cytosol, that the variability in the production of the two dioxygen species is a The reaction catalysed by SOD is the following:
consequence of the variability of SOD activity in different
sperm samples, and that human spermatozoa have negligible catalase activity (Mann, 1964) , as all the H 2 O 2 is accounted for. Production and export into the medium of O 2 ·-and H 2 O 2 by cells is thus closely tied to the activity of SOD. Determination
The nearly complete inhibition of human sperm SOD by KCN indicates that most of the SOD activity in these cells is of the rates of production of these two dioxygen species by human spermatozoa gave the surprising result that these rates from the Cu/Zn isozyme (McCord and Fridovitch, 1969) . Consistent with this indication was the immunolocalization of varied to a remarkable extent between sperm samples (Alvarez et al., 1987) . As pointed out above, there was wide variation the enzyme using an antibody to soluble human Cu/Zn SOD (Lasso et al., 1994) . The enzyme is distributed throughout the in the SOD activities assayed in the 40 samples examined: a five-fold variation in the rate of H 2 O 2 production and a sevencell cytosol and is absent from the nucleus. Lysis of the cells with non-ionic detergent released 70% of the immunoreactive fold variation in the rate of O 2 ·-production, with as much intra-as inter-donor differences. The SOD activities ranged activity and 100% of the enzymatic activity, consistent with the earlier study of Mennella and Jones (1980) . The role, if from 1-10 IU/10 8 cells, again with as much intra-as inter-donor variation. Analysis of the relation between O 2 ·-production and any, of Cu/Zn SOD bound to the sperm cell structure remains unclear. The Mn-containing isozyme was found to be localized intracellular SOD activity (Alvarez et al., 1987) provided the following equation: only in the midpiece using an antibody to human Mn SOD, as would be expected from its mitochondrial location in other
cells (Weisiger and Fridovitch, 1973 (Gebicki and Bielski, 1981; Bielski et al., 1983) , on the other hand, is a potent 0 of V tot ϭ 7.7 nmol/min/10 8 cells at 37°C and air-saturated medium. This value is close to the mean value of 8.0 nmol/ initiator of radical chain oxidation of polyunsaturated fatty acids with attack at allelic CH 2 groups (Bielski et al., 1983) . min/10 8 cells obtained in the presence of KCN to inhibit SOD activity under these same conditions, as shown in Table I .
Support for this mode of action of HO 2 Ј in mammalian spermatozoa is provided by the observation that decreasing Also shown in Table I (Holland et al., 1982) peroxidation (Alvarez et al., 1984 production was attributed to the mitochondria, which remain The second question concerns the source of O 2 ·-. One source fully intact and functional in hypotonically-treated rabbit is clearly intracellular, as discussed above, and it is against spermatozoa (Keyhani and Storey, 1973) , as mitochondria this source of O 2 ·-that intracellular SOD acts. The differential have long been considered to be a major source of O 2 ·-rates of phospholipid loss, described above, are consistent with production in somatic cells (Forman and Boveris, 1982) . A initiation of peroxidation in the inner leaflet of the membrane detailed analysis of the sources of O 2 ·-production in human by HO 2 Ј in equilibrium with intracellular O 2 ·-. The reactions spermatozoa, using hypotonically treated as well as intact that produce intracellular O 2 ·-remain unclear. An oxidase that cells, has yet to be carried out. utilizes NADPH to reduce O 2 to O 2 ·-, similar to that in Human seminal plasma has been reported to possess O 2 ·-neutrophils, has been proposed as the agent for intracellular scavenging capacity due to several components (Smith et al., sperm O 2 ·-production (Aitken and Ford, 1988; Aitken et al., 1996) , notably ascorbate (Gavella et al., 1996) . The female 1993). However, the elements of the 'respiratory burst' system reproductive tract may provide some antioxidant activity, but by which neutrophils produce O 2 ·-(reviewed by Henderson experimental data on the O 2 ·-scavenging capacity of follicular and Chappell, 1996) have yet to be found in spermatozoa, and fluid indicate that this capacity is low (de Lamirande et al., the O 2 ·-produced in the respiratory burst is extracellular. The 1993). O 2 ·-removal reactions in those fluids which spermatozoa source of NADPH is the reaction catalysed by G6PDH, but encounter need systematic investigation. the rate at which NADPH is generated by this reaction does not match the observed rate of intrinsic O 2 ·-production. The activity of human sperm G6PDH in terms of NADPH Glutathione peroxidase and glutathione production is 3.3 nmol/min/10 8 cells , reductase which would produce 6.6 nmol O 2 ·-/min/10 8 cells (Table I) . Assay of the activities of glutathione peroxidase (GPX) and At zero activity of SOD, the intrinsic O 2 ·-production, V int , is glutathione reductase (GRD) in samples from the same cohort 7.7-8.1 nmol/min (Table I) , which is slightly greater than the of eight donors who provided samples for the SOD assays maximum O 2 ·-production available from the G6PDH reaction. revealed remarkably constant activities, both inter-and intraCompetition from the GRD-catalysed reduction of GSSG donor. (Alvarez et al., 1987; Alvarez and Storey, 1992) . The would reduce any NADPH available for O 2 reduction to a importance of the enzyme system comprising GPX and GRD major extent. Evidence for the activity of a NADPH oxidase in anti-lipoperoxidative defence of human spermatozoa could as source of O 2 ·-came in earlier studies from semen samples not be appreciated from variations in its activity between in which there was neutrophil contamination. Perturbation from different samples, as could the importance of SOD in this this source is extremely difficult to avoid, as the production of regard. Its importance became evident under two sets of O 2 ·-from these cells may reach rates three orders of magnitude conditions: inhibition of GPX activity and complete oxidation greater than those of sperm cells (Aitken and West, 1990;  of GSH to GSSG (Alvarez and Storey, 1989) . The first Aitken et al., 1992; 1994b; Kessopolou et al., 1992;  was accomplished with the GPX inhibitor mercaptosuccinate Krausz et al., 1992; Zalata et al., 1995) . Recently, the ingenious (Chaudiere et al., 1984) . This thiol compound inhibits human method of removing leukocytes by first binding them to sperm GPX activity by Ͼ90% at 200 µM, while having antibody-coated magnetic beads through the common leukocyte no effect on the activity of GRD. Mercaptosuccinate (also antigen and then sweeping them out with a magnet has been occasionally referred to as thiomalate) is permeant to the used to try to eliminate this contamination in sperm samples plasma membrane of sperm cells. Addition of the compound (Tomlinson et al., 1993; Aitken et al., 1994a) . Rates of O 2 ·-to suspensions of intact cells under the standard conditions of generation by fully mature spermatozoa in samples so treated aerobic incubation used to study spontaneous peroxidation in were low. The rates increased as the number of defectively sperm cells leads to a 20-fold increase in the rate of lipid matured spermatozoa with greater residual cytosol in the peroxidation (Alvarez and Storey, 1989) . The intact cells so sample increased, using the criterion of higher creatine kinase treated have all their intracellular glutathione in the form of activity described by Huszar and Vigue (1990 antioxidant is to mimic that of GPX in removing these reactive moieties from the cells by physical adsorption rather than by produces the same large increase in peroxidation rate. These observations provide strong evidence for lipid hydroperoxides chemical reduction (Alvarez and Storey, 1995) . The third observation is that sperm GPX is bound to the sperm cytoas key intermediates in the reactions leading to peroxidative membrane damage. The protective role of GPX is to reduce skeletal structure, rather than being embedded in the plasma membrane which is lost on treatment with Triton X-100 (Lasso these reactive intermediates to the relatively inert hydroxy fatty acids; it acts on the products of oxidation and so is and Storey, 1994) . The sperm GPX may be a sperm-specific isoform with an additional amino acid sequence that allows complementary to SOD which acts to limit initiation of the oxidation reactions. These observations also show that H 2 O 2 attachment to the sperm structure. In this location it would have poor access to membrane phospholipid hydroperoxides, exerts its toxicity on human sperm cells by its action in shutting down GPX for lack of GSH; it is not toxic per se.
but free fatty acid hydroperoxides cleaved from the phospholipid hydroperoxides could readily diffuse to the active site of H 2 O 2 does not appear to be an oxidative substrate for human sperm GPX, as the direct chemical oxidation of GSH by H 2 O 2 the peroxidase through the very small volume of cytoplasm. The hypothesis developed from these observations is that a was not further enhanced by addition of a suspension of permeabilized sperm cells (J.L.Lasso and B.T.Storey, unpubphospholipase A 2 (PL-A 2 ) in human sperm cells acts to cleave the hydroperoxy acyl group from the phospholipid to yield the lished observations). It is of interest in this regard that rabbit spermatozoa, which have long been known to be immune to free fatty acid hydroperoxide, which is then reduced by GPX. This hypothesis is in accord with the formulation of GPX effects of H 2 O 2 even at 10 mM (Wales et al., 1959) , have negligibly low GPX and GRD activities and lack intracellular action put forth by van Kuijk et al. (1987) , based on their observation that bovine erythrocyte GPX showed no reactivity glutathione (Li, 1975; Holland and Storey, 1981; Alvarez and Storey, 1989) . These spermatozoa have high SOD activity with phospholipid hydroperoxide alone, but did show activity after addition of PL-A 2 from porcine pancreas (van Kuijk (Holland et al., 1982) which appears to act as their sole antilipoperoxidative defence system. et al., 1985) . Formation of hydroperoxy acyl groups at the 2-position of the phospholipid glycerol backbone is strongly The question of the particular isoforms of GRD and GPX present in sperm cells has yet to be addressed. Lysing of favoured, as these groups are polyunsaturated (Figure 1 ), and the 2-position is the one at which the phospholipase acts. The human sperm cells, followed by three washes, results in loss of GRD activity (K.A.Thompson and B.T. Storey, unpublished possible role of PL-A 2 in the action of sperm GPX will be examined later in this review in connection with discussion of observations), but GPX activity and immunoreactive GPX protein remain bound to the sperm structure after solubilization peroxidation mechanisms. The role of GRD in this system is to ensure that GPX does of the membrane with Triton X-100 (Lasso and Storey, 1994) . Immunoreactivity was obtained with an antibody to the soluble have a supply of its reductive substrate, GSH, by catalysing the reduction of GSSG, formed from GSH in the GPXselenium-containing GPX from human erythrocytes, strongly suggesting that the sperm GPX is an Se-isoform. Further catalysed reaction, back to GSH. The reductive substrate for GRD in human spermatozoa was found to be NADPH (Storey support for this supposition comes from the inhibitory effect of mercaptosuccinate Storey, 1989), which is et al., 1996) ; NADH was inactive, in contrast to GRD in mouse spermatozoa which utilizes both NADH and NADPH effective with the Se-isoforms of GPX (Chaudiere et al., 1984) . There have been reported two different Se-isoforms of GPX (Alvarez and Storey, 1984b) . The net defence reaction is, in effect, reduction of reactive lipid hydroperoxide to inert that act on lipid hydroperoxides: one is the long-known isoform, designated GPX, that acts on alkyl, alkyl-aryl, and hydroxylipid by NADPH (Figure 3) . The NADP ϩ produced by the GRD-catalysed reaction concomitantly with GSH must free fatty acid hydroperoxides, but not on phospholipid hydroperoxides (Sevanian et al., 1983; van Kuijk et al., 1985) .
itself be reduced back to NADPH if the GRD-GPX system is to maintain its anti-lipoperoxidative defence capability. This The other, designated PHGPX, acts directly on membrane phospholipid hydroperoxides (Ursini et al., 1985; Thomas requires the action of G6PDH. Comparison of the maximal activities of GRD and G6PDH at 37°C revealed the latter et al ., 1990) . The two isoforms differ in molecular size and amino acid sequence (Sunde et al., 1993) and in regulation of activity to be nearly an order of magnitude lower than the former . The rate of the hexokinaseexpression (Lei et al., 1995) . Three observations taken together support the hypothesis that the sperm isoform is GPX rather catalysed reaction was found to be more than adequate to produce glucose-6-phosphate as reductant for NADP ϩ in the than PHGPX, and that its substrates are free fatty acid hydroperoxides. The first is that the sperm isoform is immuno-G6PDH-catalysed reaction. Since the rate of the GRD-catalysed reaction must match that of the G6PDH-catalysed one in the reactive with an antibody to erythrocyte GPX. The PHGPX isoform requires that antibodies be raised to the purified steady state, it is evident that the activity of G6PDH limits the capacity of the whole system. It would be of interest to enzyme for use in quantitative immunoassays; antibodies to GPX are not immunoreactive with PHGPX (Roveri et al., ascertain if this is the case in spermatozoa from other mammalian species. Brooks and Mann (1972) were unable to detect 1994). The second is that BSA in the medium acts as a potent anti-lipoperoxidative agent by binding free fatty acid NADP in ram spermatozoa, which Li (1975) reported to have low activities of GRD and GPX; but a systematic comparison hydroperoxides (Alvarez and Storey, 1995) . In the presence of Figure 3 . Reactions catalysed by glutathione reductase (GRD) and glutathione peroxidase (GPX), showing the cycling of glutathione through its oxidized (GSSG) and reduced (GSH) forms by the action of the two enzymes. The net reaction shows that the ultimate reductant for reactive free fatty acid hydroperoxides, R(OOH)COOH, formed during peroxidation, to inert hydroxy fatty acids, R(OH)COOH, is NADPH, which is produced through the action of glucose-6-phosphate dehydrogenase (G6PDH).
of G6PDH and GRD activities, and NADP content, of spermareactions, as O 2 ·-is the mono-radical species present in great tozoa from different mammalian species is unfortunately lackexcess over the others. SOD protection acts by removing ing at present.
the initiator: It must be emphasized that consistent low values for G6PDH HO 2 Ј ↔ O 2 -ϩ H ϩ (pK a ϭ 4.7) are obtained only with spermatozoa prepared by a special 2 O 2 -ϩ 2 H ϩ → H 2 O 2 ϩO 2 swim-up procedure (Alvarez et al., 1993a) , which yields sperm suspensions from healthy donors free of leukocytes, immature
The lower the concentration of initiator, the slower the buildsperm cells and seminal plasma constituents. Contamination up of lipid peroxides ROOH. The role of GPX is to control of the sperm suspension by these cells becomes readily apparent this build-up from the other direction, by removing ROOH. during the G6PDH assay, as activities 5-15-fold higher are From the evidence cited above that the sperm GPX is the recorded. The dehydrogenase-catalysed reaction is a very enzyme that acts on free fatty acid hydroperoxides rather than sensitive detector of such contamination, as it has occurred in on phospholipid hydroperoxides, the GPX protective sequence samples in which microscopic examination did not reveal the is postulated to be: presence of non-sperm cells.
where PLOOH is phospholipid hydroperoxide, R(OOH)COOH
Sequence of reactions in sperm lipid perox-
is free fatty acid hydroperoxide.
idation
A detailed sequence of reactions leading to peroxidative R(OOH)COOH ϩ 2 GSH → R(OH)COOH ϩ GSSG ϩ degradation of phospholipids in human spermatozoa was H 2 O (GPX) proposed recently with emphasis on the hydrocarbon chemistry pertinent to polyunsaturated acyl moieties (Alvarez and Storey, As pointed out in the previous section, the capacity of the 1995). Consideration of these reactions in this report will GPX system to accomplish its protective task is limited by the emphasize the roles of the protective enzyme systems and production rate of NADPH needed to regenerate GSH from their points of intervention in the reaction sequence.
GSSG in the reaction catalysed by GRD. The oxidative chain reaction leading to formation of lipid The mechanism by which phospholipid hydroperoxides, hydroperoxides consists of an initiation step to abstract a H PLOOH, lead to peroxidative degradation and membrane atom from the acyl chain of a polyunsaturated acyl group, damage in spontaneous lipid peroxidation is suggested by the followed by a chain propagation reaction; the chain ends with high activation energy (E A ) noted for this mode of lipid a termination reaction. This set of reactions is proposed to be peroxidation. The value of E A is nearly that of the bond the following: strength of the C-H bond in an allylic CH 2 group (Korcek et al., 1972) . A value for E A of this magnitude is most readily RH ϩ HO 2 · → R· ϩ H 2 O 2 chain initiation accommodated by direct reaction of O 2 with the allylic CH 2 R· ϩ O 2 → ROO· chain propagation of a hydroperoxylated acyl group at the 2-position of a membrane phospholipid; such a reaction is spin forbidden and ROO· ϩ RH → ROOH ϩ R· its transition state would have maximal bond-breaking of the R·ϩ O 2 ·-ϩ H ϩ → ROOH chain termination C-H bond (Hamilton, 1974) as illustrated in Figure 4 . This reaction would lead to fragmentation of the acyl group by a Reaction of the lipid radical RЈ with the di-radical, O 2 , to number of available pathways, presented in detail by Halliwell propagate the oxidative chain reaction would dominate over and Gutteridge (1985) , yielding a phospholipid with a shortother propagation reactions, as dissolved O 2 is available at chain at the 2-position: 200 µM under the conditions used in vitro for assay of spontaneous lipid peroxidation in air-saturated medium at PLOOH ϩ O 2 → short-chain-PL 37°C. Reaction of RЈ with superoxide anion O 2 ·-to terminate the chain reaction would dominate over other termination Lysophospholipid can be re-acylated in intact human spermato-spontaneous and induced by lysophosphatidylcholine, and the superoxide scavenging capacity of seminal plasma and follicular fluid in which capacitation was carried out. Kodama et al. (1996) subjected mouse spermatozoa to a low level of lipid peroxidation induced by ascorbate plus Fe 2ϩ and observed an increase in the percentage of 2-cell embryos formed. It is possible that a small extent of peroxidation may make the sperm plasma membrane more fluid and thus more sensitive to inducers of the acrosome reaction, but experimental evidence addressing this point appears to be totally lacking. Another Figure 4 . Structures of the allylic and bis-allylic methylene groups found in the unsaturated acyl groups of phospholipids. These reactive species that has had mixed reviews is nitric oxide.
groups are the most reactive toward hydrogen abstraction by free
One report gives evidence for its ability to promote capacitation radicals and in the direct reaction with molecular O 2 during (Zini et al., 1995) . Another describes its toxic effects on spontaneous lipid peroxidation. The transition state of the latter human spermatozoa (Rosselli et al., 1995 (Jones et al., 1985; oxygen tension are human spermatozoa subjected in the female and Storey, 1995) , and short-chain phospholipid would need reproductive tract? Little is known about this in the human, conversion to the lyso form before re-acylation could occur, but measurements carried out with a small-bore O 2 electrode further slowing the rate of re-acylation. Accumulation of in the oviducts of rhesus monkeys may be illuminating in this lyso-and truncated phospholipids would lead to membrane regard (Maas et al., 1976) . Oviductal O 2 tension was Ͻ10 instability, loss of membrane permeability with concomitant Torr in the absence of ovulation, but in the oviduct on the side loss of cytosolic enzymes, substrates, and cofactors, resulting of ovulation, the O 2 tension was 60-80 Torr shortly after in loss of motility and sperm cell 'death'. In lipid peroxidation ovulation. The oviduct of the rhesus monkey apparently induced by Fe 2ϩ plus ascorbate, all species of ROOH can responds to the presence of the ovulated egg by allowing an react with Fe 2ϩ to produce alkoxyl radicals, RO · , which are increase in O 2 tension to 60-80 Torr to occur, by a mechanism highly reactive in H abstraction. Under these conditions, the as yet not determined. This is about half the O 2 tension in air reaction rates of chain initiation and chain propagation are saturated with water vapour at 37°C, the conditions under increased by about two orders of magnitude.
which the survival times of sperm samples, expressed as time to TLM, were measured. Since the rate of spontaneous lipid Questions still to be answered peroxidation is directly proportional to O 2 tension (Alvarez and Storey, 1985; Alvarez et al., 1987) , spermatozoa with high One question that has as yet no definite answer is: under what conditions are reactive oxygen species deleterious to human peroxidation rates and hence low TLM values might well be at risk for premature peroxidation-induced loss of motility spermatozoa? A rather effective prediction of 'poor' in comparison with 'good' semen samples was obtained with chemilubefore encountering the egg in the oviduct. Another question which has yet to be addressed is: what is minescent detection of reactive oxygen species whose generation was stimulated by phorbol ester and by N-formyl-Lthe nature of mammalian, and in particular, human sperm GPX? Is it a sperm-specific isozyme? One mRNA of 0.8 kb methionyl-L-leucyl-L-phenylalanine (Sukcharoen et al., 1996) . The 'poor' samples had the higher extent of stimulated is found in post-meiotic mouse germ cells; it increases in content as pachytene spermatocytes differentiate to elongating production of the reactive oxygen species, most probably due to a higher leukocyte and immature sperm content (Zalata spermatids (Gu and Hecht, 1996) . Presumably this codes for a single GPX isoform, but no sequence data are available. et al., 1995) . Similar results were reported earlier by Iwasaki and Gagnon (1992) and Plante et al. (1994) . On the other Roveri et al. (1992) reported that PHGPX is present in rat spermatogenic cells, but missing from released spermatozoa. hand, Tomlinson et al. (1993) have reported that leukocytes present in seminal plasma have little effect on fertility if the What are the requirements of human sperm GPX with regard to lipid hydroperoxide substrates? Immunoreactivity (Lasso sperm samples are normospermic. A suggestion that reactive oxygen species may have benign effects on human spermatozoa and Storey, 1994) suggests that it is a GPX isoform for which the relevant substrates are free fatty acid hydroperoxides. comes from the reports of de , who present evidence that low levels of O 2 ·-may enhance Cumene hydroperoxide functions as a substrate at mM concentrations (Alvarez et al., 1987; Alvarez and Storey, 1989) , also hyperactivation and that increased O 2 ·-production occurs during capacitation. A subsequent report by Lamirande et al. in accord with its being a GPX rather than a PHGPX isoform. But further data are lacking. The same questions concerning (1993) showed an inverse relationship between human sperm capacitation, as assayed by percentage acrosome reaction, both GRD also need to be addressed. Unfortunately, no antibody is available commercially for GRD, in contrast to the case eventual pathogen. It is a balancing act to be contemplated with awe, admiration and humility. for GPX.
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